Abstract-Atherosclerosis is one of the most common vascular diseases, and inflammation participates in all stages of its progression. Laminar shear stress protects arteries from atherosclerosis and reduces endothelial inflammation. Long noncoding RNAs have emerged as critical regulators in many diseases, including atherosclerosis. However, the expression and functions of long noncoding RNAs subjected to laminar shear stress in endothelial cells remain unclear. This study aimed to reveal the mechanism by which shear stress-regulated long noncoding RNAs contribute to anti-inflammation. In this study, we identified a novel long noncoding RNA AF131217.1, which was upregulated after laminar shear stress treatment in human umbilical vein endothelial cells. Knockdown of AF131217.1 inhibited flow-mediated reduction of monocyte adhesion VCAM-1 (vascular cell adhesion molecule-1) and ICAM-1 (intercellular adhesion molecule-1) expression and inhibited flow-mediated enhancement of flow-responsive expression of KLF (Kruppel-like factor) 2 and eNOS (endothelial NO synthase). Furthermore, TNF-α (tumor necrosis factor-α) was used to induce an inflammatory response in human umbilical vein endothelial cells. Knockdown of AF131217.1 promoted ICAM-1 and VCAM-1 expression, as well as changes in monocyte adhesion and KLF2 and eNOS expression induced by TNF-α. Mechanistic investigations indicated that AF131217.1 acted as a competing endogenous RNA for miR-128-3p, leading to regulation of its target gene KLF4. In conclusion, our study demonstrates for the first time that laminar shear stress regulates the expression of AF131217.1 in human umbilical vein endothelial cells, and the AF131217.1/ miR-128-3p/KLF4 axis plays a vital role in atherosclerosis development. (Hypertension. 2019;73:e25-e34.
A therosclerosis-the leading cause of morbidity and mortality in developed societies-is a chronic inflammatory disease of medium and large vessels. 1, 2 Inflammatory response plays a crucial role in all phases of atherosclerotic development and progression. 3, 4 However, the role of inflammation in endothelial cells (ECs) and its potential relationship with atherosclerosis, as well as the underlying mechanisms, have yet to be elucidated.
Laminar shear stress (LSS), which acts parallel to the luminal surface of a vessel, plays a critical role in the regulation of anti-inflammatory, antiadhesive, and atheroprotective molecules, thereby influencing the development of atherosclerosis. 5, 6 Some of these effects are exerted through flowdependent genes, such as KLF (Kruppel-like factor) 2. It has been demonstrated that LSS induces expression of KLF2 and eNOS (endothelial NO synthase), which synthesizes NO and maintains EC homeostasis. [6] [7] [8] Furthermore, KLF2 and eNOS can suppress the adhesion of monocytes to ECs by inhibiting the expression of adhesion molecules. 9 Thus, as LSS-sensitive genes, KLF2 and eNOS are critical to maintain the stability of the internal vascular environment. 8 Long noncoding RNAs (lncRNAs) are a class of noncoding RNA >200 nucleotides in size. [10] [11] [12] In recent years, lncRNAs have been implicated in various cellular processes including apoptosis, proliferation, invasion, and inflammation, [13] [14] [15] which contribute to many diseases. Furthermore, emerging evidence suggests that lncRNAs play a critical role in the development of cardiovascular diseases. [16] [17] [18] For example, in calcific aortic valve disease, the lncRNA taurine up-regulated 1 positively modulates the expression of runt related transcription factor 2 by sponging miR-204-5p, and taurine up-regulated 1 silencing results in inhibition of osteogenic differentiation both in vitro and in vivo. 19 Retinal noncoding RNA3 exerts a remarkable atheroprotective effect through a retinal noncoding RNA3/KLF2/miR-185-5p network, whereas retinal noncoding RNA3 knockdown contributes to endothelial and vascular smooth muscle cell dysfunction and thus aggravates atherosclerosis. 20 In addition, lncRNAs may be related to shear stress. The lncRNA LINC00341 suppresses endothelial inflammation by recruiting polycomb repressive complex 2 to the VCAM-1 (vascular cell adhesion molecule-1) promoter to inhibit VCAM-1 expression, which is induced by atheroprotective flow and atorvastatin. 21 However, the expression and functions of lncRNAs in ECs under shear stress remain largely unclear.
In the present study, we identified an lncRNA, AF131217.1, which was upregulated during LSS and inhibited inflammation in ECs. Mechanistically, AF131217.1 may function as a competing endogenous RNA (ceRNA) to regulate the expression of KLF4 through competition for miR-128-3p, thus playing an atheroprotective role in the pathogenesis of atherosclerosis. In conclusion, our results demonstrated that an AF131217.1/miR-128-3p/KLF4 signal pathway regulated the inflammation of ECs, indicating that this pathway may offer a novel target for developing therapeutic strategies to treat atherosclerosis.
Methods
The data that support the findings of this study are available from the corresponding authors.
Data Set
Expression profiling data were downloaded from the GEO database (GSE92506). 21 After shear stress and static group data were combined, lncRNAs and mRNAs with no expression were filtered out. Then, the raw count data were processed with DESeq 2-a bioconductor package based in R for differential gene expression analysis. Genes with P <0.05 and |logFC| >2 were considered as significant.
KEGG Pathway Analysis
Functional enrichment analysis at the Kyoto Encyclopedia of Genes and Genomes levels was performed using the Database for Annotation, Visualization and Integrated Discovery Bioinformatics Resources. 22 The Database for Annotation, Visualization and Integrated Discovery enrichment analysis was limited to Kyoto Encyclopedia of Genes and Genomes pathway terms with the whole human genome as background. Functional categories with a P <0.05 were considered statistically significant and were visualized using R.
Cell Culture
Human umbilical vein ECs (HUVECs) were grown in Iscove's Modified Dulbecco's Medium (Gibco, NY) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. THP-1 cells were maintained in RPMI 1640 (Gibco, NY) supplemented with 10% fetal bovine serum at 37°C with 5% CO2.
Cell Transfection
All plasmids were purchased from PPL (Genebio Technology, lnc, Nanjing, China): AF131217.1 knockdown plasmid pPLK/ GFP+Puro-AF131217.1 shRNA (sh-AF131217.1-1, -2, and -3), miR-128-3p overexpression plasmid pLenti-CMV-miR-128(pri-miR-128), and miR-128-3p sponge plasmid pLKO.1-miR-128 sponge (miR-128 sponge) with a corresponding negative control (sh-NC, miR-NC). The oligonucleotide sequences of referred genes are listed in Table S1 in the online-only Data Supplement. The aforementioned plasmids were transfected into HUVECs cells by X-tremeGENE HP DNA Transfection Reagent (Roche, Basel, Switzerland) according to the manufacturer's protocol. At 48 hours post-transfection, cells were harvested for Quantitative real time polymerase chain reaction (qRT-PCR) or Western blot analysis.
Application of LSS
The parallel flow chamber designed by the Shanghai Naturethink company was used as described previously. 23 Briefly, cells were grown to confluence on a glass slide and placed in the chamber, which was established by sandwiching a silicon gasket between 2 stainless steel plates. An LSS of 12 dyn/cm 2 was imposed on ECs by perfusing culture medium through the chamber for 24 hours. The chamber and all parts of the circuit tubes were sterilized before placement of cells into the flow chamber. The apparatus was maintained at 37°C throughout the duration of the experiment.
Monocyte Adhesion
HUVECs were transfected with sh-AF131217.1, pri-miR-128, or miR-128 sponge. Then, cells were exposed to either flow or static condition for 24 hours followed by treatment with 10 ng/ mL TNF-α (tumor necrosis factor-α) for 6 hours. To assess the binding of THP-1 cells to HUVECs, THP-1 cells were labeled with 5-(and 6)-Carboxyfluorescein diacetate, succinimidyl ester (MedChemExpress, Monmouth Junction, NJ) and then incubated with the HUVECs for 15 minutes at 37°C. Unbound cells in the dishes were removed by washing 3× with serum-free medium. Adherent cells were visualized under an inverted fluorescence microscope and were counted in 5 randomly selected fields in each well.
Real-Time Reverse Transcription Polymerase Chain Reaction
Total RNA was extracted from cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized with a reverse transcription kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. qRT-PCR was performed on the 7500 Fast Real-Time qRT-PCR System (Applied Biosystems) using a standard protocol from the FastStart Universal SYBR Green Master (Roche, Basel, Switzerland). β-actin was used as an internal control. Primers used for qRT-PCR assays are listed in Table S2 . To measure the level of miR-128-3p, miRcute Plus miRNA qRT-PCR Kit (SYBR Green; TIANGEN, Guangzhou, China) was used, and U6 snRNA was used as the endogenous control. Relative fold changes were calculated using the 2 −△△Ct method. All qRT-PCR assays were repeated 3×.
Western Blotting Assay
Cells were lysed with Radio Immunoprecipitation Assay cell lysis buffer supplemented with a protease inhibitor (Beyotime, Jiangsu, China). In brief, the protein concentration was measured using a BCA protein assay kit (Beyotime, Jiangsu, China). Equal amounts of proteins were separated by 15% SDS-PAGE and transferred to polyvinylidene fluoride membranes. After blocking with skim milk, the membranes were incubated with primary antibodies diluted in TBST buffer overnight at 4°C and then with the HRP-conjugated secondary antibody for 2 hours at room temperature. Specific bands were detected by ElectroChemi-Luminescence chromogenic substrate and quantified by densitometry. Rabbit anti-KLF4 antibody, rabbit anti-eNOS antibody, rabbit anti-ICAM-1 (intercellular adhesion molecule-1) antibody, and rabbit anti-VCAM-1 antibody were purchased from Bioss (Beijing, China).
Luciferase Reporter Assay
The cDNA fragment containing the WT (wild type) or mutant AF131217.1 fragment and 3′ untranslated region (UTR) of KLF4 was subcloned downstream of the luciferase gene within the pGL3-control luciferase reporter vector (Promega). The nucleotide sequences of all constructs were confirmed by DNA sequencing. Luciferase reporter plasmids plus miR-128-3p mimics or miR-NC were cotransfected into Human Embryonic Kidney 293 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Two days after transfection, the cells were collected and luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega).
Statistical Analysis
All data are expressed as the mean±SEM. Student t test was used to compare the difference of means between 2 groups. GraphPad Prism 5.0 was used for statistical analyses. P <0.05 was considered statistically significant.
Results

AF131217.1 Is Upregulated in LSS-Treated HUVECs
To identify shear stress-regulated lncRNAs in HUVECs, we analyzed high-throughput sequencing data (GSE92506) Figure 1A and 1B). The top 10 upregulated and downregulated lncRNAs are listed in Table S3 . The results revealed that lncRNA and mRNA expression profiles in LSS were significantly altered compared with the static group. The functions of most lncRNAs have not been well described. However, we can predict the role that lncRNAs play by analyzing differentially expressed mRNAs. In the Kyoto Encyclopedia of Genes and Genomes pathway analysis, differentially expressed mRNAs were found to be associated with 10 pathways. The fluid shear stress and atherosclerosis pathway was one of the most enriched pathways ( Figure 1C) , and analysis of disease correlation results further supported the relationship between these RNAs and atherosclerosis ( Figure 1D ), suggesting that they might be involved in the development of atherosclerosis.
Quantitative reverse transcription qRT-PCR was used to validate the top 10 upregulated lncRNAs ( Figure 1E ). Results were consistent with the high-throughput sequencing data. To investigate the functional roles of shear stress-regulated lncRNAs in ECs, we focused on lncRNAs that were upregulated by flow. Among these verified lncRNAs, AF131217.1 was abundant and significantly upregulated by LSS, and its regulatory role in LSS has not been described. Hence, we chose to study the functional role of AF131217.1 in ECs. To further study the regulatory mechanism of AF131217.1, we first detected the location of AF131217.1 in HUVECs by nucleoplasm separation technology and found that most AF131217.1 was located in the cytoplasm ( Figure 1F) . Therefore, we hypothesized that AF131217.1 may play an anti-inflammatory role as ceRNA.
Knockdown of AF131217.1 Promotes Inflammation in HUVECs
LSS has been shown to be important in protecting ECs against inflammatory activation. As shown in Figure 2C , flow elevated expression of KLF2, KLF4, and eNOS and suppressed expression of inflammation marker genes VCAM-1 and ICAM-1. To investigate the function of AF131217.1 in flowtreated HUVECs, we first used 3 shRNAs to test the knockdown efficiency. The results indicated that sh-AF131217.1-3 offered the most effective decrease, and it was selected for use in the following experiments (Figure 2A ). The monocyte 
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adhesion assay revealed that knockdown of AF131217.1 resulted in increased monocyte adhesion even after flow treatment ( Figure 2B ). Quantitative real time polymerase chain reaction and Western blot results showed that knockdown of AF131217.1 inhibited flow-induced augmentation of KLF2, KLF4, and eNOS and increased flow-induced reduction of VCAM-1 and ICAM-1 expression (Figure 2C and 2D ; Figure S1 ). Inflammation plays a critical role in the development of atherosclerosis. To determine whether AF131217.1 regulates EC inflammation in response to a proinflammatory cytokine, we examined monocyte adhesion to ECs stimulated with TNF-α under static or flow conditions in the presence or absence of AF131217.1. As shown in Figure 2B and Figure S2 , monocyte adhesion and expression of ICAM-1 and VCAM-1 were significantly upregulated after stimulating HUVECs with TNF-α. In addition, knockdown of AF131217.1 accelerated the TNF-α-induced enhancement of monocyte adhesion and ICAM-1 and VCAM-1 expression and promoted TNF-α-induced reduction of KLF2, KLF4, and eNOS ( Figure S3 ). These results suggest that AF131217.1 has an anti-inflammatory function in ECs.
AF131217.1 Inhibits miR-128-3p via Direct Binding
Accumulating evidence suggests that lncRNAs might function as ceRNAs by binding to miRNAs. 24 To examine whether AF131217.1 operates by a similar mechanism in HUVECs, we used miRDB, miRcode, and AnnoLnc to predict the interaction probabilities of AF131217.1 and miRNAs. This bioinformatic analysis revealed that miR-128-3p could potentially bind to AF131217.1. We then performed dual-luciferase reporter assays to confirm the prediction. We had fragment of AF131217.1 cloned into luciferase construct. As shown in Figure 3A , the relative luciferase activity in cells cotransfected with AF131217.1-WT and miR-128 was significantly inhibited compared with AF131217.1-WT and miR-NC cotransfection. This effect was abolished when the putative AF131217.1 binding site was mutated. We next examined the expression of miR-128-3p in HUVECs after knockdown of AF131217.1. Interestingly, AF131217.1 knockdown increased expression of miR-128-3p ( Figure 3B ), but overexpression of miR-128-3p had no effect on expression of AF131217.1 ( Figure  S4A ; Figure 3C ). These results suggest that AF131217.1 inhibits the expression of miR-128-3p by direct binding.
AF131217.1 Activity Is Partially Mediated by Negative Regulation of miR-128-3p
To examine whether miR-128-3p plays a role in inflammation of ECs, pri-miR-128-3p was transfected into HUVECs. Monocyte adhesion assay showed that THP-1 adhesion to ECs was significantly increased by overexpression of miR-128-3p ( Figure 3D ). Furthermore, overexpression of miR-128-3p reduced the mRNA and protein expression of KLF2 and eNOS, while increasing the levels of ICAM-1 and VCAM-1 ( Figure S5 ; Figure 3E ). In TNF-α-stimulated HUVECs, overexpression of miR-128-3p produced similar effects to knockdown of AF131217.1 ( Figure  S6 ). To determine whether miR-128-3p is involved in mediating the effects of AF131217.1, sh-AF131217.1-3 and miR-128-3p sponge were cotransfected into HUVECs. The increased monocyte adhesion and expression of adhesion molecules mediated by sh-AF131217.1 were partially attenuated by cotransfection 
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with miR-128-3p sponge ( Figure S4B ; Figure 4A through 4C), suggesting that AF131217.1 suppresses inflammation, in part, through inhibition of miR-128-3p.
KLF4 Is an miR-128-3p Target Gene and Is Indirectly Regulated by AF131217.1
Based on these results, we aimed at identifying the main target genes of miR-128-3p, which were predicted using the Targetscan, miRDB, and DIANA tools. Then, a gene network integrating AF131217.1-miR-128-3p with differentially expressed mRNAs was constructed. Among these, KLF4 was one of the most changed genes and has been reported to be related to LSS 25, 26 ; thus, KLF4 was selected for use in further experiments ( Figure 5A ). Several studies have reported that KLF4 and KLF2 can be induced by LSS 27 ; so we first investigated whether flow regulated expression of KLF4. As shown in Figure S7 , flow significantly increased levels of KLF4 mRNA. To examine whether KLF4 mediates the proinflammatory effect of miR-128-3p overexpression, we constructed pGL3 luciferase expression vectors carrying a fragment of the KLF 3′UTR that contains either the WT or Mut (mutated) miR-128-binding sites. As showed in Figure 5B , KLF4 3′UTR-WT reduced luciferase activity after transfection with miR-128-3p compared with miR-NC; however, it failed to reduce luciferase activity when the putative miR-128-3p-binding site was mutated (KLF4 3′UTR-Mut), indicating that miR-128 specifically targeted the binding sites in the KLF4 3′UTR.
To investigate whether miR-128-3p regulates KLF4 expression, we examined mRNA and protein levels of KLF4 when HUVECs were transfected with pri-miR-128-3p or miR-128-3p sponge. We found that KLF4 mRNA and protein expression were significantly decreased or increased after overexpression or suppression, respectively, of miR-128-3p ( Figure 5C and 5D ). Taken together, these results indicate that miR-128-3p regulates KLF4 expression by directly binding to the 3′UTR of KLF4 mRNA.
To verify that AF131217.1 interacted with miR-128-3p to regulate the activity of KLF4-3′UTR, we measured levels of KLF4 using qRT-PCR and Western blot analysis. Knockdown of AF131217.1 significantly reduced KLF4 expression, whereas inhibition of miR-128-3p significantly increased expression ( Figure 5E and 5F). These results strongly suggest that AF131217.1 regulates KLF4 expression in an miR-128-3p-dependent manner.
Discussion
Vascular ECs are constantly exposed to fluid shear stress. Substantial evidence suggests that shear stress regulates stability of ECs by influencing endothelial gene expression. [28] [29] [30] Hence, studying the regulation of flow-associated genes involved in EC function is critical to understanding the atheroprotective role of laminar flow stress. It is widely reported that lncRNAs are involved in many cardiovascular diseases. 31, 32 In the present study, we focused on studying the role of lncRNAs in regulating flow-treated ECs. We identified a novel flow-associated lncRNA, AF131217.1, which was significantly upregulated in LSS-treated HUVECs. Knockdown of AF131217.1 abolished flow-induced effects on monocyte adhesion, expression of adhesion molecules ICAM-1 and VCAM-1, and expression of shear-sensitive genes KLF2 and eNOS. Atherosclerosis is characterized as chronic inflammation in the arterial wall. 4, 33, 34 We hypothesized that AF131217.1 could modulate endothelial inflammation in response to proinflammatory cytokines. Thus, we treated HUVECs with TNF-α, and results showed that AF131217.1 knockdown promoted the HUVEC inflammation induced by TNF-α. These findings indicate that AF131217.1 has an anti-inflammatory role in ECs.
An increasing number of studies have reported that some lncRNAs function as ceRNA in modulating the biological functions of miRNAs. 35, 36 Using bioinformatic analysis and dual-luciferase reporter assays, we confirmed that miR-128-3p is a novel target of AF131217.1. AF131217.1 expression was unaffected by miR-128-3p overexpression, suggesting that miR-223 was the downstream target of AF131217.1. MiR-128-3p is known to be related to many cardiovascular diseases. Huang et al 37 found that miR-128 activates endogenous cardiomyocyte proliferation by enhancing expression of the chromatin modifier SUZ12 polycomb repressive complex 2 subunit. Additionally, miR-128 has been shown to sponge nuclear paraspeckle assembly transcript 1 to regulate oxidized low density lipoprotein induced inflammation and oxidative stress in atherosclerosis. 38 In this study, we found that miR-128-3p is significantly downregulated in HUVECs treated with LSS and that overexpression of miR-128 promotes monocyte adhesion and expression of adhesion molecules, while also reducing the expression of KLF2 and eNOS. Meanwhile, miR-128-3p overexpression reversed the anti-inflammatory effects of LSS in TNF-α-stimulated HUVECs. Rescue experiments showed that inhibition of miR-128-3p could partly reverse the effect induced by AF131217.1 knockdown, indicating that AF131217.1 participates in the anti-inflammatory process partly through sponging miR-128-3p in LSS-treated HUVECs.
lncRNAs may perform ceRNA roles by acting as endogenous decoys for miRNAs, which in turn affects the binding of miRNAs to their targets. 39 Using an online database, we predicted that KLF4 is a potential miR-128-3p target that has not, to our knowledge, been reported. Interestingly, KLF4 is 
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also one of the differentially expressed genes in LSS-treated HUVECs as illustrated by our sequencing data. KLF4, like KLF2, is a zinc finger domain-containing transcription factor. Increasing evidence suggests that KLF4 plays a critical role in vascular homeostasis. As a kallistatin-binding protein, KLF4 mediates the anti-inflammatory effect of kallistatin by increasing eNOS expression in ECs. 40 Most importantly, KLF4 has recently been defined as a flow-responsive gene. Mun et al 26 found that laminar shear stress induces expression of KLF4 and NO production in ECs. Consistent with these results, KLF4 in our studies was upregulated in HUVECs treated with LSS. Our luciferase reporter assays further indicated that KLF4 is a direct target of miR-128-3p and that miR-128-3p downregulated the activity of the KLF4 3′UTR in cells. In addition, overexpression of miR-128-3p inhibited mRNA and protein expression of KLF4, indicating that miR-128-3p promotes inflammation in a KLF4-dependent manner.
More experimental methods may be needed to confirm the subcellular localization of AF131217.1. In addition, overexpression of miR-128-3p not only reduced KLF4 expression but also reduced KLF2 expression. Therefore, miR-128-3p can regulate KLF4 expression by direct binding and KLF2 expression indirectly, but the regulation mechanism of miR-128-3p on KLF2 needs further study.
To conclude, we identified a novel shear stress-associated lncRNA-AF131217.1 and reported for the first time its important anti-inflammatory role via KLF4 and miR-128-3p ( Figure 6 ). Our findings provide new insights into lncRNAs and potential therapeutic targets for atherosclerosis.
Perspectives
Our results illustrate an association between lncRNA AF131217.1 and inflammation in LSS. Mechanistically, AF131217.1 regulated KLF4 expression by competing for miR-128-3p. Our study may facilitate the understanding of the protective effect of LSS on atherosclerosis, and AF131217.1 may be a new direction for the treatment of atherosclerosis.
Sources of Funding
This work was supported by the National Natural Science Foundation of China (grant No. 81600338, 81320108025, and 81672109).
Disclosures
None.
